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the nonselectivity of the resonator. Further, the coefficient a 
may vary with E (or B) in accordance with a variation in the 
hot carrier distribution, enabling a change in the emission 
band with E (or B ). 
The E range where the induced emission has been ob-
served is limited to 580 V /cm 5 E 52100 V /cm. This is con-
sistent with our recent calculation of the amplification coef-
ficient a,IO in which a at B = B M increases with E up to 
- 900 V / cm because of an increase in the relative population 
of light holes, and, after reaching the maximum value 
a -0.02 cm -1 at E = 1000-1200 V /cm, it decreases with E 
above - ] 300 V / cm because of an increase of the Drude type 
absorption by heavy holes. 
Typical intensity of the present radiation reaching the 
detectors is estimated to be of the order of 10 ,Lt W, which is 
only 10 - 6 of that reported by Andronov et al. 12 The reflec-
tance of the specimen faces at normal incidence is only 0.36 
since the index of refraction for Ge is 4.0 .. rbIS, together with 
the size of the specimen and the estimated magnitude of 
a( - 0.02 cm - 1), eliminates the possibility of an axial mode 
to oscillate in the present lasing. Instead, off-axis modes of 
higher order, resulting from total reflections at the sides and 
the ends of the specimen, are the most probable ones to oscil-
late. The output beam will therefore be largel.y deflected 
from the specimen axis, causing enormous attenuation in the 
light pipe leading to the detector. Hence we assume the pow-
er emitted from the specimen is by many orders of magni-
tude larger than the detected one. The absence of spontane-
ous emissions in the present measurements can also be 
attributed to the attenuation in the light pipe. 
Finally, we wish to emphasize that the here reported 
induced emission is to be made monochromatic and exter-
nally tunable over a wide spectral range, if a resonator is 
suitably arranged by use of external reflectors. 
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characterizing the n-InSb detector. This work is supported 
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Bias dependence of doping efficiency in hydrogenated amorphous silicon 
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This letter is concerned with the doping efficiency of phosphorus and boron doped samples of 
hydrogenated amorphous silicon grown under different substrate bias conditions. Although in a 
capacitively coupled glow discharge system generally the powered electrode is negatively self-
polarized, some control of the dc bias is obtained by changing the electrode areas and/or using an 
external bias. It has been found that the activation energy of doped samples depends on the 
polarity and magnitude of an external dc bias applied to the substrate support. This result was 
used to enhance the incorporation of residual boron in the intrinsic layer of p-i-n structures 
fabricated onto a indium-tin-oxide coated glass. 
Several articles have been devoted to the study of the 
incorporation of impurities and their effect on the electro-
optical properties of hydrogenated amorphous silicon 
(a-Si:H).I-4 
applied to the substrate support in the doping efficiency of 
boron and phosphorus impurities in hydrogenated amor-
phous silicon produced in a capacitively coupled glow dis-
charge system similar to that reported by Knights.s General-
ly, in an asymmetric capacitiveIy coupled glow discharge This letter reports on the influence of an external dc bias 
960 Appl. Phys. Lett. 47 (9), 1 November 1985 0003-6951/85/210960-03$01.00 © 1985 American Institute of Physics 960 
FIG. I. Continuous line: rfsignal of ~ 13.6 MHz. The peak-to-peak value 
V PI' and the period T are indicated. Dashed and double dotted line: self-
polarization, V" Dotted line: approximate plasma potential. Assuming that 
it is sinusoidal, the mean value of the plasma potential is Jr
p 
=( Vpp12 - Vt)/2 (dashed and single dotted line). 
system the powered electrode is negatively self-polarized 
("cathode"). However, as the self-polarization is a result of 
the different mobility of the charged particles and the geom-
etry of the reactor, the powered electrode is not necessarily 
the negative one. During the negative cycle of the rf signal 
the powered electrode must self-polarize to some negative 
voltage in order to drain enough low mobility ions to com-
pensate the electron current during the positive cycle of the 
signal (see Fig. 1). Borrowing the nomenclature from the 
sputtering experiments, if the ratio of the target area to the 
grounded electrode area (wh.ich could include the walls) is 
very small, the self-polarization is approximately haif of the 
peak rf signal. If the above ratio is changed, the self-polariza-
tion can be varied.6 Using a suitable fixed electrode area and 
an external dc power supply connected to the substrate sup-
port through a coil, it is also possible to increase (positive) or 
decrease (negative) the dc polarization of the powered elec-
trode. In this fashion the "self-polarization" VI (Fig. 1) is 
externally controlled and it is no longer valid to refer to the 
powered electrode as the cathode. 
A peak-to-peak rf signal of - 200 V and a power of - 10 
W was used. The plasma potential Vp which has been ap-
proximated by a sinusoidal function varies from the top of 
the signal to almost zero voltage for T 12, where T is the 
period of the signal (Fig. 1). It is suggested that the substrate-
to-plasma potential Vsp is a fundamental parameter to deter-
mine the quality of the films, because during growth, the film 
is being bombarded with ions of energy approximatdy equal 
to Ie Vsp I = le(Vs - Vp) I. Here Vp is the mean value of the 
plasma potential (see Fig. 1) and Vs the substrate bias. 
In order to study the bias dependence of impurity incor-
TABLE I. Some relevant parameters of the p-i-n structures. The nand p 
layers for all the devices are identical. V, is the dc external voltage applied to 
the substrate and Jrp is the mean value of the plasma potential. The fill factor 
was calculated for an illumination of95.5 m W Icm' halogen-mercury lamp 
(ELH). 
Substrate Substrate 
i-layer bias plasma Fill 
thickness V, potential factor 
Sample (A) (V) V,p % 
NB4 4000 -100 - 130 4() 
NB8 3000 - 88 - 158 43 
G73 2800 0 -75 57 
074 5364 0 -76 49 
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FIG. 2. Room-temperature conductivity and activation energy of phos-
phorus doped samples vs substrate bias. A gaseous mixtue of (PH31 
SiH4 ) ~ 0.3 vol. % and a substrate temperature of 280 'c was used for all 
samples. 
poration, phosphorus (boron) doped samples and solar cells 
were fabricated under different substrate bias Vs' The doped 
films (- 5000 A thick) were deposited using a gaseous mix-
ture of (PH3)1(SiH4 + Ar)-0.3 vol %, (B2H6 )/ 
(SiH4 + Ar)-0.3 vol % and a substrate temperature of 
- 280 'C. The thickness of the doped samples was deduced 
from the deposition rate ( - 5 A s -- I) and was confirmed by 
direct optical interference measurements. The chamber 
pressures during the deposition were 25 and 50 Pa for the 
doped and intrinsic layers, respectively. In order to perform 
the conductivity measurements, planar electrodes were de-
posited on the films by thermal evaporation of two alumi-
num strips, each 1 cm wide with a separation of 0.1 cm. The 
measurements were done in an evacuated chamber and after 
annealing the samples at -150'C during 10 min. 
The p-i-n structures were fabricated by successively de-
positing of boron doped, intrinsic, and phosphorus doped 
a-Si:H onto an indium-tin-oxide (ITO) coated glass. The 
thickness of both p and n layers is - 300 A and the thick-
nesses of the intrinsic layer are listed in Table I. The back 
contact for the cells grown onto ITO coated glasses was ob-
tained by evaporating 2500-A-thick aluminum dots of 
-0.049 cm2• The relative quantum efficiency (RQE), de-
fined as the collection quantum efficiency under forward (re-
verse) bias divided by the collection quantum efficiency in 
short circuit conditions, was obtained using a standard 
phase detection setup. The RQE provides useful information 
about the strength of the electric field within the ilayer.7 For 
a given density of gap states there is a fixed depletion length. 
The fact that the RQE is bias dependent means that the i 
layer is not completely depleted and the associated high den-
sity of defects is probably due to phosphorus or boron cross 
contamination. 8.9 
Figure 2 shows the conductivity and the activation ener-
gy of the phosphorus doped samples as a function of the 
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external dc substrate bias, Vs' A maximum conductivity is 
obtained for V, ~ + 30 V corresponding to an activation 
energy of ~0.24 eV and Vsp ~ - 35 V. On the contrary. for 
the boron doped samples a conductivity (not represented) of 
~ 6 X 10-3 (n cm)-I is attained at Vs ~ - 100 V and V,p 
~ - 130V. 
The RQE for the p-i-n solar cells grown under the sub-
strate bias listed in Table I was analyzed. It was observed 
that the variation of the RQE of sample NB8 at short wave-
length is stronger than that of sample G73. This could be 
interpreted as due to the fact that a negatively biased sub-
strate produces a higher contamination by residual boron on 
cells fabricated starting with the p layer. Consequently, the 
density of states of the nominally intrinsic layer increases, 
degrading the RQE. A similar analysis was done with sam-
ples NB4 and G74. Moreover, in this case, the deleterious 
effect of a negatively biased substrate was more impressive, 
because sample G74 is approximately 25% thicker than 
sample NB4. 
In our phosphorus doping experiments a positively bi-
ased substrate improves the conductivity of the samples (Fig. 
2). This result agrees with a model which proposes that a 
positively charged surface during the deposition will shift 
down the surface Fermi level and increase the number of 
fourfold coordinated phosphorus atoms.4 The improvement 
in the doping efficiency continues until a maximum is 
reached (see Fig. 2). The existence of this maximum could be 
explained as due to ion bombardment of the film during the 
deposition, because there is a compromise between the sur-
face potential and the film damage. In the case of phos-
phorus doped samples the ions hitting the substrates with 
energies greater than leVspl~35 eV will result in the cre-
ation of a larger amount of defects and consequently pinning 
of the Fermi level. Although boron doping is inherently 
more complicated. a similar analysis, but with negatively 
biased substrate can be done. However, as the ion bombard-
ment is very severe (leVsp I ~ 130 eV), it is difficult to draw 
conclusive evidences and more work needs to be done. Be-
sides. neither the changes in the plasma structure due to the 
external bias nor the diffusion of the species responsible for 
the film growth have been considered. 
Summarizing, we have shown that a suitable positive 
bias on the substrate during the film growth enhances the 
conductivity of phosphorus doped film. In contrast a negati-
vely biased substrate improves the conductivity of boron 
doped samples. A negative bias applied to the substrate dur-
ing the growth of the i layer of glass/ITO/ p-i-n structures 
has a deleterious effect on the performance of the cells. This 
was interpreted as due to an increased contamination by the 
residual boron lying on the reactor wall. However. the dam-
age produced by the ion bombardment and the concomitant 
increase in the density of states has not been considered and 
it might also be present. Finally, it is suggested that an ap-
propriate substrate bias could help to control the impurities 
incorporation during the film growth. 
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leyron for stimulating discussion and to R. A. Douglas and 
A. E. Kiel for reading the manuscript. Thanks to A. Gobbi 
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Evidences that P diffusion in Si is assisted mapn~y by vacancies 
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A reexamination of some experimental results, induding very high concentration phosphorus 
diffusion with self-interstitial injection, leads to the conclusion that P diffusion is assisted mainly 
by vacancies. This point is also strengthened by a simple calcu]ation showing that the dominant 
defect for P diffusion plays the minor role in self-diffusion. 
Since Seeger and Chick suggested that self-diffusion in 
silicon is dominated by se1f-interstitials, I a controversy has 
been established upon the respective contribution of each 
point defect, vacancy. or self-interstitial, to the diffusion 
mechanisms. Based on the correlation between the behavior 
of the extrinsic stacking faults and the effect of the oxidation 
on dopant diffusion. 2 it has been clearly established in the 
last years that both defects coexist in silicon at high tempera-
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